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Mycobacterium avium subsp paratuberculosis (Map), the causative agent of Johne’s disease, has a robust ability to survive in the
environment. However, the ability of Map to migrate through soil to drainage tiles or ground water, leave the farm, and leak into
local watersheds is inadequately documented. In order to assess the ability of Map to leach through soil, two laboratory experiments
were conducted. In the first study, 8 columns (30 cm long each) of a sandy loam soil were treated with pure cultures of Map. Two
soil moisture levels and two Map concentrations were used. The columns were leached with 500 mL of water once a week for three
weeks, the leachate was collected, and detection analysis was conducted. In the second experiment, manure from Map negative
cows (control) and Map high shedder cows (treatment) were deposited on 8 similar columns and the columns were leached with
500 mL of water once a week for four weeks. Map detection and numeration in leachate samples were done with RT-PCR and
culture techniques, respectively. Using RT-PCR, Map could be detected in the leachates in both experiments for several weeks but
could only be recovered using culture techniques in experiment one. Combined, these experiments indicate the potential for Map
to move through soil as a result of rainfall or irrigation following application.
1. Introduction
Mycobacterium avium subsp paratuberculosis (Map), the
causative agent of Johne’s disease (JD) in domestic and wild
ruminants is known to be ubiquitous in the dairy farm
environment [1]. Additionally, Map has long been implicated
as a possible cause of Cohn’s disease in humans [2]; however,
this is still strongly debateable. Several reports indicate that
Map will survive for long periods of time under various
in vitro physical and environmental conditions, controlled
by the amount of water, urine, manure, and temperatures
[3–5]. Results suggest that long-term survival could occur
near shaded animal management locations and locations
that receive frequent introductions of manure [6]. Using
dam water and sediment columns, one study [6] showed
that Map could survive up to 48 and 36 weeks in shade or
semiexposed location, respectively, and survival in sediment
was 12 to 26 weeks longer than survival in water columns.
In a Map-inoculated liquid manure slurry stored under
anaerobic conditions, Map was shown to survive 252 days
at 5◦C and 98 days at 15◦C [7]. One study [8] found that
Map could survive up to 175 days in Map-inoculated liquid
manure storage. A large study on 108 Minnesota dairy farms
[1] found that a predictable location to recover Map isolates
was in alleyways and manure storage areas. Similar results
were obtained in another study, which used approximately
100 dairies across the USA [9]. This is important since land-
spreading of bovine manure is a common practice on many
dairy operations [10, 11]. Also, the survival of Map in the
soil may be influenced by the type of soil present [11] as was
established for other bacteria [12, 13]. The potential of Map
to leach through soil to enter a farm from the environment
or enter a local watershed is unknown. A recent study
investigated the processes controlling Map transport through
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aquifer material and found that, compared to other bacteria,
Map transport in the soil is lower [14]. Another factor that
remains unknown is the ability of Map to survive during
the leaching process. Only recently, Map absorption in soil
particles was studied and it was found that of the organism
added to the columns 83% were estimated to be retained in
chromatography columns packed with clay and silica soils
[15]. Cho et al. [16] showed that fecal bacteria can migrate
into the subsurface and cause significant contamination of
vadose systems (subsurface soil) especially when manures
are applied repeatedly. For other enteric bacteria it was
shown [17] that bacterial leaching to tile-drains could exceed
71,000 organisms 100 mL−1 when driven with high rates of
water infiltration. The objective of this study was to assess
the potential of Map to leach through columns of soil under
laboratory conditions. Our hypothesis was that Map has the
ability to leach through a soil column when introduced as
pure culture inoculum or via feces.
2. Material and Methods
2.1. Soil. The soil type used in the study was Tracy (Coarse-
loamy, mixed, active, mesic Ultic Hapludalfs), collected from
the Pinney-Purdue Agriculture Center located on the county
line between Porter and LaPorte counties, Indiana, USA. We
used this soil because it is the most common soil type in the
US Midewest. An aggregate sample was generated by com-
bining soil from ten separate locations across the field. The
soil sample was obtained from area where there is no live-
stock production, sieved (4 mm) and stored in closed plastic
bags at room temperature until use. Soil parameters for the
Tracy soil includes pH 5.5, 1.5% organic matter, 6 ppm Na,
103 ppm NO3
−–N, 72 ppm P (Bray I Olsen), 155 ppm K,
148 ppm Mg, 787 ppm Ca, 9 ppm SO4
2−S, and 2.9 ppm Zn.
Soil analysis was performed by Harris Laboratory (Lincoln,
NE). Prior to packing the columns, the soil was passed
through a 2 mm sieve. The soil moisture content was deter-
mined by drying subsamples of the soil at 105◦C for 24 hours
and determining its water loss gravimetrically.
2.2. Soil Columns Setup. The bottom of PVC tubes (40 cm
length × 8 cm diameter) was covered with a wire mesh and
cheese cloth (Figure 1). The lower 30 cm of the tubes was
marked and enough soil added to provide a final bulk density
of 1 gm cm−3 based on the mass of soil put into a specific
volume of the column. In order to assess the impact of
the initial soil moisture content on Map movement during
leaching, the soil was adjusted to two moisture levels:−0.1 or
−0.03 MPa (14 and 15.2%, resp.), before it was placed into
the columns. These two soil moisture suctions were chosen
because they bracket the range of optimal water potential in
soil for microbial processes [18]. The soil was brought to
the two moisture levels by adding water to the soil slowly
in a dropwise fashion while mixing to achieve as uniform
distribution as possible [19, 20].
2.3. Preparation of Map Inoculum. Map inoculums were
prepared from fecal sample of naturally infected cattle pre-
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Figure 1: A column setup for leaching study of Mycobacterium
avium subsp paratuberculosis in Tracy soil from northwest Indiana.
viously confirmed to be positive based on serum ELISA and
liquid fecal cultures (procedures described by Whitlcok and
Rosenberg, 1990) [21]. The liquid culture was incubated for
up to 6 weeks and acid fast staining was applied to samples
at 4.5 and 6 weeks. Map specific PCR testing was performed
to the sample with positive acid fast result. Samples positive
by Map specific PCR were reported as Map positive. Liquid
culture positive samples were streaked on to Herold’s Egg
York agar to obtain isolated colonies and subsequently passed
to liquid culture medium again to propagate to desired con-
centration and used as the stock inoculums.
2.4. Map Recovery from Columns. To mimic natural rainfall,
each soil column received once a week 500 mL distilled and
deionized water in a dropwise fashion to achieve a uniform
distribution, which is equivalent approximately 150 mm of
rain. Leachates from each column were collected into a
100 mL sterile bottle placed below the PVC columns. Twenty-
four hours after water was added, the leachates volume was
measured and centrifuged (7500 g; 10 minutes). The super-
natant was poured out and the remaining sediment was
resuspended in 1 mL sterile water for Map detection and enu-
meration.
2.5. Preculture Map Detection with PCR. The recovered pellet
in 1 mL of sterile water was centrifuged at 2500 g for 10 mi-
nutes. The supernatant was removed and the pellet was used
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for DNA extraction and Real Time PCR using Tetracore MAP
extraction system and DNA test kit (VetAlert, Tetracore,
Inc., Rockville, MD). The manufacture’s procedures were
followed.
2.6. Bacterial Culture. The TREK ESP liquid culture system
(TREK Diagnostics Systems, Inc., Westlake, OH 44145) was
used for the bacterial culture. The double incubation method
as described previously [21] was used to prepare samples,
with the modification that 1mL of sample replaced 2 g of
feces. Samples were placed in 30 mL of sterile water, mixed
and allowed to stand for 30 minutes. To reduce the number
of other fast growing bacteria, five millilitres of the surface
fluid were decontaminated with 25 mL of 0.9% hexade-
cylpyridinium chloride (Sigma-Aldrich, St Louis, MO) in
half-strength brain heart infusion BHI broth and allowed
to stand at 37◦C for 24 hours After centrifugation at 900 g
for 30 minutes, the pellet was resuspended in 1 mL of half-
strength BHI broth with vancomycin (10 μg/mL; (Sigma-
Aldrich, St Louis, MO), nalidixic acid (60 μg/mL; (Sigma-
Aldrich, St Louis, MO), and amphotericin B (40 μg/mL;
(Sigma-Aldrich, St Louis, MO) and incubated at 37◦C for
24 hours [22]. Prepared soil was cultured using the ESP
para-JEM culture bottles and incubated in the ESP machine
(Trek Diagnostic Systems, Inc., Cleveland, OH). Samples
were removed from the ESP machine at 4, 5, and 6 weeks
and evaluated by acid-fast staining. This procedure was done
to increase test specificity in order to ensure the presence
of Map versus another acid-fast positive bacterium. Culture
results were recorded as +, 2+, and 3+, which are equivalent
to low, moderate, and high bacterial load (<10 colonies-per-
tube, (CPT), 10–50 CPT, and >50CPT, resp.). Fecal culture
sensitivity is estimated to be between 40 and 80% depending
on the bacterial load. Using fecal culture, the test specificity is
nearly 100%. Nevertheless, no such information is available
on the test performance using soil leachates. Samples that
were acid-fast positive were confirmed using IS900 PCR to
detect the IS900 gene. DNA was extracted from ESP par
a-JEM culture by the guanidine isothiocyanate-glass bead
lysis method [23]. Alcohol-precipitated DNA extracts were
resuspended in 40 μL of sterile water. The IS900 segment
and primers used for amplification as well as the procedures
performed for this PCR were reported previously [24–26].
Briefly, each 50 μL reaction contained 200 μM each of d
ATP, dCTP, and dGTP; 1 μM dUTP; 3.0 mM Mg Cl2; 10 mM
Tris-HCl, pH 8.3; 50 mM KCL; 0.01% gelatine; 0.5 μM each
of primers IS90/150C (5′-CCGCTAATTGAGAGATGC-
GATTGG-3′) and IS900/921 (5′-AATCAACTCCAGCAG-
CGCGGCCTCG-3′); 1U urail-N-glycosylase (UNG, Epicen-
ter Technologies, Madison, WI); 2.5 Taq polymerase (PE
Applied Biosystems, Foster City, CA); and 2 μL of DNA
extract. In addition, each batch run included positive and
template-negative controls, as well as UNG control (IS
amplicons containing dU residues).
2.7. Experiment 1. In this experiment a total of 8 columns
were used. Before the inoculation procedure soil samples
from each column were cultured for Map and resulted neg-
ative. The pure culture strain of Map was introduced into
the top 5 cm of eight of the columns. The cell suspension
was uniformly applied to the top layer through injection by
syringe. The cells were applied at two cell concentrations
(108 and 107 cells mL−1: 10 mL per tube). The soil columns
were leached with 500 mL water as described above once a
week for three weeks (Figure 1). The leachates were harvested
as described above. The experiment was done in duplicates
except for the control column.
2.8. Experiment 2. Feces from two cows known to be natu-
rally infected with Map from previous testing were used for
the Map-positive fecal inoculum. These samples were kept
frozen (−70◦C) after being collected rectally from the cows
while a subset of the samples was cultured to assess bacterial
load using a solid media as described elsewhere [27]. Results
of this initial culture indicated that feces bacterial load was
over >100 CFU/g. Once Map concentration was determined
in the sample and soil columns were ready to be inoculated,
the fecal samples were thawed at room temperature for 2
hours. Feces obtained from a fourth lactation cow known
to be negative by repeated fecal culture and serum ELISA
served as the negative fecal inoculums control specimen.
These samples were frozen and thawed as described above.
2.9. Experiment Procedure. In this experiment we used eight
PVC columns filled with 30 cm of Tracy soil packed to a
bulk density of 1 gm cm−3 at a starting moisture content
corresponding to −0.03 MPa. For the treatment group, 50 g
of the manure was mixed well and evenly spread on the
top 2 cm of soil of each of the 4 treatment columns (no.
5–8) in similar fashion to the control group. Similarly, 50 g
of Map negative feces were evenly spread on top of the 4
control columns and mixed into the top 2 cm of soil to on
farm mimic manure spreading. Twenty-four hours after the
manure was deposit, columns were leached with 500 mL of
distilled water as described above. Thereafter this procedure
to harvest samples was repeated once a week for 7 weeks.
Samples collected on weeks 0, 2, 4, 5, 6, and 7 were processed
for Map detection. The rest of the procedure was the same as
described for experiment one.
2.10. Statistical Analysis. Map data that are expressed as −,
+, 2+, and 3+ in Table 1 were ranked as 1, 2, 3, and 4, respec-
tively, for the purpose of statistical analysis. The ranks were
then subject to a nonparameteric one way ANOVA analysis
(Chi-Square and Wilcoxon tests) to investigate the statistical
significance of the effect of antecedent soil moisture level,
initial Map inoculum size, and time on the level of Map in
the leachats. Leachate volume data were also subject to one-
way ANOVA to test for statistical significance on the effect of
the antecedent soil moisture level. All statistical analyses were
done in SAS (2002-2003, SAS Institute, Inc., North Carolina)
at significance level of α = 0.05.
3. Results
3.1. Experiment 1. On average 322 mL and 345 mL leach-
ates were collected from the soil columns with initial soil
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Table 1: Result summary from Experiment 1 after application of a pure Mycobacterium paratuberculosis culture to the top of 30 cm soil





Week after bacterial inoculation
1 2 3
RT−PCR Culture + IS900 RT−PCR Culture + IS900 RT−PCR Cultur + IS900
−0.1 108 + − − − + −
−0.1 108 − − − − − −
−0.1 107 − − − − − −
−0.1 107 − − − − − −
−0.03 108 − − − − + −
−0.03 108 + 3+ − − + −
−0.03 107 + 3+ − − − −
−0.03 107 + 2+ + − + −
Culture results were recorded as +, 2+, and 3+, which are equivalent to low, moderate, and high bacterial load on agar (<10 colonies-per-tube, (CPT), 10–50
CPT, and >50 CPT, resp.).
moisture content of −0.1 MPa and −0.03 MPa, respectively.
The difference in leachat volume between the two treatments
was not statistically significant (P = .79). The results of RT-
PCR, bacterial culture, and PCR-IS900 show that Map was
detected in the leachate samples collected from the treatment
columns with both concentrations of Map (107 and 108 CFU
(Table 1) over three weeks time. Week by week statistical
analysis of the data indicated that the initial inoculum size
did not have any significant effect on PCR and culture-based
Map levels in the leachate (e.g., P = 1.0, week-1 PCR; P =
.3173, week 2 PCR; and P = .186, week 3 PCR). The same
was true for the antecedent soil moisture level except for week
1 in which the culture-based Map level in the leachate was
significantly higher (P = .045) from the columns in which
the antecedent soil moisture level was 0.03 MPa. Culture-
based Map level decreased with time in the leachate, and
this decrease was statistically significant (P = .038). The
PCR-based Map levels, however, did not show any significant
decrease over time (P = .362).
3.2. Experiment 2. On average 410 mL and 425 mL of leach-
ate were collected from each of the control and the treatment
soil columns, respectively, 24 hours after the columns were
leached with 500 mL distilled water. This difference was not
statistically significant but traceable to the fact that despite
all efforts to maintain the same soil density in all columns,
column no. 6 of the treatment group produced little leachate
over the course of the study (on average <100 mL).
Results from RT-PCR indicate that immediately follow-
ing fecal material application to the surface of the treatment
columns, all of the leachates were negative for Map. At two
weeks post application three of the four treatment columns
were positive, but near the limits of detection which is
35 cycle threshold (Ct). The three columns produced Ct
values of 34.9, 34.81, and 34.43. At four weeks post manure
application, one column of the treatment group was positive
(Ct = 34.31). At weeks five, six, and seven post treatment,
all columns were RT-PCR negative. At all time points, when
tested with the liquid media culture, no fecal Map bacteria
were detected in the leachate recovered from any of the eight
columns.
4. Discussion
Contamination of food and water by microorganisms from
animal manure has become a topic of concern in the last
decade especially in regard to non-point-source manure con-
tamination as a result of pastured animals or manure in-
tentionally spread onto fields as fertilizer or waste [28]. The
results of our first experiment using Map inoculum showed
that it is possible to recover Map from soil columns that
are leached with water. We, however, do not have an expla-
nation why two samples from both moisture contents were
negative on week two and positive on week 3. One possible
explanation is that Map was retained in the soil and only
after sufficient water was poured it could be washed to the
bottom of the column. Map trends to clump and intermittent
detection are not uncommon. Our second experiment
assessed the leaching ability of Map which originated from a
manure matrix that contains fecal bacteria and possibly other
inhibitors such as organic and inorganic materials to migrate
in the column. The results of this experiment indicated that
with manure as a source of Map, only a few cells could
leach through the 30 cm soil column. Nevertheless, we could
not assess if these were viable cells. The authors are well
aware that epidemiologically this is a crucial factor in terms
of Map transmission whether to livestock or to human.
Despite the fact that RT-PCR results were very close to the
recommended cut-off value, we are confident that they were
accurate because these results were constant over several
sampling period and over 3 of the 4 treatment columns.
Hexadecylpyridinium chloride (HPC), alone or in combi-
nation with the antibiotics vancomycin and natamycin, is
used in the decontamination process during the sample
preparation for culture [21]. Several studies reported that
HPC decontamination resulted in a significant reduction in
the number of culture-positive milk samples [12, 29]. It is
possible that this process killed the few viable cells that were
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shown on RT-PCR and hence culture results were negative.
It was shown that the interaction of enteric bacteria with
the soil environment can differ from that in the absence
of manure components and this can affect the retention
and transport through the soils [30]. Manure application,
alters the organic and inorganic components of the soil,
which have a great influence on the survival and mobility of
bacteria in the soil [30]. Since the number of bacteria added
via feces was lower than with the pure culture application,
a comparison between the two methods is difficult. It is
plausible, however, that the difference in Map leaching ability
between the two experiments is partly due to the manure
environment with its biotic and abiotic components. PCR
test sensitivity and specificity have been previously compared
to fecal culture, whether solid or liquid media [31–34]. In
one study, however, test sensitivity was shown to be directly
associated with the manure bacterial load [33]. Specifically
to the PCR method used in the current study Alinovi et
al. [34] assessed test sensitivity and specificity of 60% and
97%, respectively. In this initial study we have demonstrated
that Map could be mobile in the environment and this
finding suggests that a large-scale investigation is warranted.
The possibility that Map can leach through soils to possibly
enter groundwater or exit the system in tile water where it
could enter the water supply used for human consumption is
especially alarming in light of the considerable evidence that
Map may be involved in the etiology and pathophysiology of
Crohn’s disease in humans [35]. It is important to consider
that we only used one type of soil (Tracy), but this soil is
the most common soil found near Indiana’s dairy operations.
Map’s movement through soil may also be influenced by
the physical, chemical, and biological properties of the
soil as was established for other bacteria [12–15]. Further
understanding of Map leaching and survival in different soil
types will enable us to better explain the spatial cluster of
Map seropositivity found to be associated with loamy soils
with silt or sand content in Indiana [11]. Thus, the results
from our study indicate that further research is needed to
determine how Map may move through the environment,
especially as leachate in soils.
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